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ABSTRACT  
The W. M. Keck Observatory is committed to maintaining the scientific leadership of our observing community by 
matching our observers' skills and passions in their fields of astronomical science with a continuing dedication by 
the Observatory and its collaborators to the development of state of the art instrumentation and systems. Our science 
driven strategic plan guides these developments and informs our plans for the future. In this paper we describe the 
performance of recently completed new instruments, instrument upgrades, and infrastructure upgrade projects. We 
also describe the expected performance of projects currently in the development or construction phases. Projects 
recently completed include a new laser for the Keck II AO system, the upgrade of the spectrograph detector in the 
OSIRIS instrument, and the upgrade to the telescope control system on the Keck II telescope. Projects in 
development include an upgrade to the telescope control system on the Keck I telescope, the blue channel of the 
Keck Cosmic Web Imager, the red channel of the Keck Cosmic Web Imager, the Keck Planet Finder, a deployable 
tertiary mirror for the Keck I telescope, an upgrade to the imager of OSIRIS, a major upgrade to the NIRSPEC 
instrument, and a fiber feed from the Keck II AO system to NIRSPEC. 
Keywords: Adaptive Optics, Infrared, Instrumentation, Integral Field, Laser Guide Star, Spectrograph, Targets of 
Opportunity, Telescope Control  
 
1. INTRODUCTION 
Science operations at Keck I began in May 1993, and by October 1996 both telescopes were in full operation. 
Today, two decades later, the W. M. Keck Observatory (WMKO) has an extensive suite of powerful scientific 
instruments, and an impressive legacy of astronomical discoveries. Both telescopes have laser guide star adaptive 
optics (AO) systems, and both telescopes have a full suite of instruments. On Keck I the instruments are LRIS and 
MOSFIRE at the Cassegrain focus, HIRES on one Nasmyth platform, and OSIRIS with the AO system on the 
opposite platform. An atmospheric dispersion compensator (ADC) is available on Keck I for use with LRIS. On 
Keck II the Cassegrain instrument is ESI, while DEIMOS and NIRSPEC share one of the Nasmyth platforms, and 
NIRC2 plus the AO system occupy the other Nasmyth focus. Information about all of these instruments can been 
found on the WMKO web site. Of this suite of instruments, the newest is MOSFIRE, which has now been in 
operation for four years. WMKO’s instrument suite has contributed to numerous scientific discoveries ranging from 
solar system bodies and exoplanets, to the galactic center, to supernovae, and the high redshift universe. Developing 
new instrumentation, improving facilities, and upgrading popular instruments, continues to be an important part of 
our science driven strategic plan. In recent years we have been engaged in upgrades to LRIS and OSIRIS, and to the 
AO systems. The next new instruments will be KCWI and NIRES. Work is also under way on a deployable tertiary 
mirror for Keck 1. Currently, the Observatory is engaged in a new round of strategic planning which is being 
developed by the Science Steering Committee (SSC) in partnership with Observatory staff and the astronomical 
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Band Filter Central Wavelength (µm) 
Sampling Scale 
(milliarcseconds) 
Throughput Gain 
New/old Detector 
J Jn1 1.20 100 2.04 
J Jn2 1.26 35 2.09 
H Hn2 1.57 100 1.68 
K Kn3 2.17 35 1.63 
Table 1: Throughput gain from the new spectrograph detector in J, H, and K bands. Gain is the ratio of raw frame flux in 
electrons for the same star observed using the old Hawaii-2 detector and the new Hawaii-2RG detector in the same filter and 
sampling scale.  
 
2.3 Upgrade to the telescope control system on the Keck II telescope 
The installation of the upgrade to the telescope control system of the Keck II telescope was completed in November 
2015. On sky testing has demonstrated a significant improvement in blind pointing accuracy as well as 
improvements in slew speed and open loop tracking performance [6]. The system passed its operational readiness 
review in March 2016 and was first used for science on June 16, 2016. The system is being released for use with 
each of the Keck II instruments on a progressive basis, the system will be released for all Keck II instruments by the 
end of July 2016. 
On-sky blind pointing performance is 1.24" rms using a model constructed with 7 months' pointing test data. The 
best model fit ranges from 0.68" to 0.87" rms. This may be compared to the original system where the model fit was 
~5" and frequently showed much worse on-sky blind pointing performance. A final tuning of the servo was 
completed in May 2016 with the assistance of servo control expert Peter Thompson [7]. The system is now meeting 
tracking requirements and shows improved wind-shake rejection. A conservative estimate of the time saved by the 
improved pointing performance is 5 nights/year, determined using 1 years' worth of actual acquisitions. 
2.4 Upgrade to the telescope control system on the Keck I telescope 
The installation of the telescope control system upgrade on the Keck I telescope is complete and testing is in 
progress. The first night-time engineering tests were conducted in May 2016. The best model fit is < 1.4" rms. The 
Keck I upgrade was successfully pressed into service for one MOSFIRE science night due to a fault with the 
existing system. It is anticipated that the remaining Keck I system engineering tests and on-sky tests with each Keck 
I science instrument will be completed by the end of September 2016. 
2.5 Blue channel of the Keck Cosmic Web Imager 
KCWI, the Keck Cosmic Web Imager, is an integral field spectrograph for the visible wavelengths being developed 
for the Keck II telescope by the California Institute of Technology, UCLA, the University of California, Santa Cruz, 
(UCSC), and WMKO. KCWI will provide seeing-limited integral field spectroscopy with moderate to high spectral 
resolution, high efficiency, and excellent sky subtraction with available nod and shuffle capability. KCWI is a two 
channel instrument designed for phased implementation with the blue channel covering the wavelength range of 350 
to 560 nm, and the red channel covering 530 to 1050 nm. The instrument’s key performance parameters are shown 
in Table 2. 
Parameter Value 
Field of View Selectable: 20" x (8.4|16.8| 33.6)" 
Spatial Res./Sampling Selectable: 0.35" x (0.35|0.7|1.4)" 
Spectral Resolution Selectable: 1,000 to 20,000 
Bandpass (red & blue) 350 to 1050 nm 
Efficiency >40% (instrument) 
3σ Sensitivity in 1 Hour 10-7 to 10-6 ph/s/cm2/arcseccond2/Å 
Light Bucket Sensitivity 200 LU in 10 hours 
Background Subtraction 0.01% of sky 
Plate Scale 0.15" pixel-1 
Table 2: KCWI key performance parameters 
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nested, insulated rooms (for isolation against temperature changes at the milli-Kelvin level, which can affect the 
spectrometer through expansion and contraction).    
The optical fiber to feed allows the needed isolation between the spectrograph and the motion of the telescope and 
also provides an effective “scrambler” that increases the illumination stability at the spectrograph entrance. To 
improve the scrambling performance, the science fiber will be an octagonal fiber, and the fiber system will include a 
scrambler system, consisting either of a small ball lens, or a pair of lenses, that swap the near and far fields of the 
fiber output.  This system then feeds a short length of octagonal fiber to further homogenize the scrambler output.  
Fiber modal noise can also cause illumination instabilities as the output of a fiber, and to mitigate that effect an 
agitator will be employed to mechanically move the science and sky fibers. Following the scrambler, the science 
fiber system ends at the input to the reformatter.  This system takes the light leaving the fiber, and rearranges it into 
three “slices”, aligned along the spectrometer (virtual) slit.  This system effectively allows the Keck Planet Finder 
spectrometer to be three times smaller than a traditional spectrometer would be, given the aperture and image scale 
of the Keck telescopes.   
The sky fiber also terminates at the reformatter.  Although the sky fiber is not reformatted like the science fiber, its 
light passes through the reformatter and is converted to the f/8 focal ratio that the core spectrometer accepts.  
Also shown in Figure 3 is a calibration system, which will reside in the observatory basement near the spectrometer.  
This will consist of the typical spectrometer calibration sources (Thorium-Argon lamps for wavelength calibration 
and a quartz lamp for flat fielding).  There will also be provision for future, high line density calibration sources like 
Fabry-Perot etalons or laser frequency combs to be easily added to the system.  These sources will feed an 
integrating sphere (with a rotating mirror inside to mitigate modal noise effects), which will then feed two fibers.  
One fiber will travel up to the telescope, where the FIU will focus the calibration light it contains onto the science 
and sky fibers.  The second fiber will travel directly to the spectrometer, pass through the reformatter as the sky fiber 
does (i.e. without reformatting), and provide a simultaneous calibration source during a science exposure. 
Also included within the KPF system is a separate, small spectrometer to monitor the Calcium H & K spectral lines 
(for stellar activity that could mimic Doppler shifts), and an exposure meter (to determine the flux-weighted 
midpoint of each spectrum, for accurate barycentric corrections). 
The Keck Planet Finder has completed its system design phase, and is now in the preliminary design phase with 
funding from the Heising-Simons Foundation. The preliminary design review is planned for 2017, and first light is 
expected in 2019. 
2.8 A deployable tertiary mirror for the Keck I telescope 
With funding from an NSF MRI grant, the University of California Observatories (UCO) on the UCSC campus is 
collaborating with WMKO in the development of a deployable tertiary mirror for the Keck I telescope, called the 
“Keck 1 Deployable Tertiary Mirror” or “K1DM3” [10]. The K1DM3 is a module based on the design of the 
existing tertiary mirror module, but employing a smaller mirror to make retraction from the beam practical. While 
the Keck telescopes support a 20' of view (FOV), the current Nasmyth platform instruments on Keck I (HIRES and 
Keck I AO with OSIRIS) require much smaller FOVs. The K1DM3 supports an un-vignetted FOV of 4.7'. The 
K1DM3 module will remain in the telescope at all times and can move between the deployed and retracted positions 
in less than 120 s. This will allow observers to select between the currently installed Cassegrain instrument (LRIS or 
MOSFIRE), and the two Nasmyth instruments, HIRES or OSIRIS. 
Figure 4 shows the K1MD3 in the retracted and deployed configurations. The K1DM3 has completed its detailed 
design review and is in the full scale development phase. Delivery to the observatory is expected in late 2016 with 
completion of commissioning planned for mid-2017.  
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The upgrade completed a design review in April 2016 and installation is planned for late in 2016 with 
commissioning in early 2017. 
2.10 A major upgrade to the NIRSPEC instrument 
Near-IR spectroscopy from 1 to 5 μm with NIRSPEC, the Near-IR SPECtrometer [12][13] on the Keck II telescope 
at WMKO has been responsible for numerous important discoveries since its first on-sky observations in 1999. 
Since that time considerable progress has been made in infrared detector technology, and many of NIRESPEC’s 
supporting systems, especially those used for detector readout and control are obsolete. The NIRSPEC upgrade [14] 
will replace the spectrograph’s 1024 x 1024 pixel Aladdin III detector with a 5 µm cutoff Hawaii-2RG. The smaller 
pixels will increase spectral resolution from 25,000 (0.43" slit, ~3-pixel sampling to 37,500 (0.29" slit, ~4-pixel 
sampling). The lower noise and greater QE of the Hawaii-2RG will improve sensitivity by 1 magnitude for 
wavelengths shorter than 2 µm. Figure 6 shows the predicted gain in SNR at various wavelengths with the Hawaii-
2RG. Compared to the Aladdin 3 the Hawaii-2RG offers at least a 5-fold reduction in read noise (4.5 e- for the 
Hawaii-2RG vs. 23 e- with 16 Fowler samples), and as much as a 70-fold reduction in dark current (as low as 0.01 
e-/s for the Hawaii-2RG vs. 0.7 e-/s). 
 
Figure 6: Spectrograph SNR improvement vs. flux level for a 1-hour exposure at representative wavelengths in each IR band. 
The dashed lines show the current performance with the Aladdin 3, and the dotted lines show the loss in SNR due to the 
intermittent excess noise in the current system. The solid lines show the predicted improvement with the Hawaii-2RG (indicated 
by the vertical arrows). The gain is most dramatic for faint sources. 
 
The upgrade will also replace the slit viewing camera optics and detector extending the passband of the slit viewing 
camera to 5 μm [15]. This upgrade will use a Hawaii-1RG detector, and both the slit viewing camera and 
spectrograph detector upgrades will use the Sidecar ASIC and Sidecar Acquisition Module (also used in the OSIRIS 
upgrades). The slit viewing camera is fed with light reflected from the spectrograph slits, and while in-band guiding 
for L and M band will often be an improvement, especially for faint sources, provisions will be made to allow a 
mode where the thermal IR (> 2 μm) is cut-off allowing out of band guiding on bright sources 
We will also investigate how the spectral line calibration of the spectrograph can be improved with the goal of 
improving the precision of radial velocity measurements. Finally, new mechanism control and temperature 
monitoring and control systems will share a common spares pool with MOSFIRE and increase NIRSPEC’s useful 
lifetime and maintainability. New server and control computers will accompany a complete upgrade of the 
instrument’s software with a modern client-server architecture based on the proven software developed for 
MOSFIRE. Instrument user interface (UI) software has also progressed with better graphical UI development 
environments and the NIRSPEC upgrade will take advantage of the UI improvements introduced with MOSFIRE. 
This commonality of software and user interface design will reduce the time needed to help new observers gain 
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familiarity with NIRSPEC and will also improve the response time for software support because of the shared code 
base with MOSFIRE and future WMKO instruments such as KCWI.  
The upgrade is currently in the design phase with a design review planned for later this year. Installation of the 
upgrade will start approximately one year later, with first light in early 2018. 
2.11 A fiber feed from the Keck II AO system to NIRSPEC 
A fiber optic feed from the Keck II AO system to NIRSPEC is under development with funding from the Heising-
Simons Foundation. Initially planned as a K-band feed [16] this will be expanded to allow an H-band feed as well, 
along with precision radially velocity calibration using a laser frequency comb. The K-band fiber feed will be 
combined with a vortex coronagraph mask in the AO system for Doppler imaging.  
3. CONCLUSIONS 
WMKO has continued to develop new capabilities to serve its world leading community of observers. A new 
strategic plan is in development that will guide instrumentation efforts in the future, this plan is being developed 
with substantial participation from the national community and from our growing international partnership as well. 
As we develop new instruments we also look for opportunities to upgrade our existing ones. Such upgrades have 
proven to be very rewarding in terms of science gain and improved operational stability and maintainability. We 
expect to maintain this combined approach as we continue the Observatory’s third decade. 
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